A novel particle-based discrete element model (DEM) is developed to simulate the whole Direct Metal Laser Sintering (DMLS) process, which includes simplified powder deposition, recoating, laser heating, and holding stages. This model is first validated through the simulation of particle flow and heat conduction in the powder bed, and the simulated results are in good agreement with either experiment in the literature or finite element method. Then the validated model is employed to the DMLS process. The effects of laser power, laser scan speed, and hatch spacing on the temperature distributions in the powder bed are investigated. The results demonstrate that the powder bed temperature rises as the laser power is increased. Increasing laser scan speed and laser hatch spacing will not affect the average temperature increase in the powder bed since energy input is kept same. However, a large hatch spacing may cause non-uniform temperature distribution and microstructure inhomogeneity. The model developed in this study can be used as a design and optimization tool for DMLS process. 
Introduction
Direct Metal Laser Sintering is an additive manufacturing (AM) technique that uses a laser fired into a metal powder bed to create a solid structure through a layer-by-layer sintering process [1] [2] [3] . DMLS allows the production of complex metallic structures with complex internal and external features. The development of DMLS not only assists in reducing labor cost and time during the product development stage but also opens up new opportunities for creating certain parts that can not be created using traditional manufacturing processes.
In a typical DMLS process, a layer of loose metal powder with a thickness of 0.1~0.3 mm is deposited and distributed onto the powder bed by scratching a recoating blade.
Then the powder is sintered or partially melted by a laser source. The laser heat source moves during the sintering process, and a metallic solid layer with designed pattern is formed. Another layer of powder is then deposited and distributed by the recoating blade.
By repeating this "recoating and heating" process, a solid part is fabricated [4] . In DMLS processes, laser power, laser scan speed, hatch spacing are the major processing parameters that affect the performance of DMLS fabricated parts.
The growing need of reliable methods to improve the quality of AM parts greatly depends on the quantitative understanding of powder deposition and laser sintering during 3D printing processes. One of the important research aspects of the DMLS process is to understand how metal particles behave mechanically and thermally on the surface of the powder bed during the printing process [5] . The force and heat interactions between the powders play an important role in the definition of the behavior of the powder bed.
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3 Therefore, in order to understand the mechanical and thermal behavior of the powder during the DMLS process, a particle-based model is needed.
Currently, experimental studies suggest that the properties of DMLS fabricated parts are influenced by powder characteristics and process parameters [6] [7] [8] . Although much computational work has been done in recent years, the correlation between the processing parameters and printed material properties is still not fully understood [9] . Computational fluid dynamics have been used to study the formation of melting pool and powder phase change. N'Dri et al. [10] presented an uncertainty quantification model to predict the melting pool size, laser track, and residual stress. Their studies show that simulation results are highly dependent on the accuracy of powder conductivity and heat absorption.
Mindt et al. [9] developed a particle-based model to predict the morphology of a printed structure in various processing conditions. Zohdi [11] presented a modular computational framework to combine particle dynamics, laser input, and particle thermodynamics to understand the overall laser sintering process. Herbold et al. [12] conducted a DEM study to show the powder deposition and recoating process in DMLS. In summary, most previous studies were focused on a particular step or process, DEM simulation of the whole DMLS process has not been reported. This work presents a DEM simulation of a DMLS process, including four stages: powder deposition, recoating, laser heating, and holding. Figure 1 shows the flow chart of the DEM simulation in this study. In this work, a novel DEM is developed to study the complete DMLS process. The paper is outlined as follows. Section 2 presents the details of the model. The governing equations, model validations of particle flow, and heat transfer and the DMLS model, are presented. In the DMLS model, powder deposition, recoating, laser heating, and holding processes are investigated. Section 3 summarizes a series of parametric studies. The effects of laser power, laser scan speed, and laser hatch spacing on the powder bed temperature are systematically investigated. Section 4 shows the conclusion and limitation of the model and the direction of future studies. 
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Governing equations
Discrete element method is a numerical technique that calculates the interaction of a large number of particles [13] . For particle flow simulations, this method calculates defined displacements and rotations of discrete bodies of various types of particle shapes, which can be predicted through the gathering of assembled particles [14] .
Particles are simulated through solving the Newton's second law of motion and rigid body dynamics equation combined with specific time-stepping algorithms [15, 16] . In this study, the LIGGGTS package [17] , with a timestep of 0.00005 s, is used to simulate the interaction among metal particles in the DMLS process, by solving the corresponding governing equations (Eqs. 1 and 2 for translational and rotational motion, respectively)[16]:
with ̈ translational acceleration, m i mass of the particles i, g acceleration due to gravity, F ij force at contact with neighboring particles j, r ij vector directed from the center of the particle i to the contact point with particle j,and I i the mass moment of inertia of the particle i.
For inter-particle interactions, Hertzian potential force with no cohesion reaction is used.
As shown in the particle flow validation study in section 2.1.1, the case with no cohesion gives good agreement with experiment. The Hertzian formula to compute the pair potential forces are as follows [18] [19] [20] :
with R i and R j are the radii of particle i and j, respectively, the overlap distance of two particles, k the elastic constant, γ the viscoelastic damping constant, Δs the displacement vector between the two spherical particles which is truncated to satisfy a frictional yield criterion, n ij the unit vector along the line connecting the centers of the two particles, v the component of the relative velocity of the two particles; indices n and t referring to normal and tangential contact respectively. F hk the force calculated using the Hookean style, F hz the force calculated using the Hertzian style, and m eff the effective mass of two particles.
The heat distribution in the powder bed is determined by combining the heat conduction through particle contacts and the heat generation due to the laser source [21] :
, = ∑̇− +̇,
with h c the heat transfer coefficient, k pi the thermal conductivity of particle i, c p the specific thermal capacity, A contact,i-j the particle contact area, ̇− the heat flux between particles i and j, the temperature of particle i, and m the mass of the particle.
Model validations
Particle flow model validation
Powder deposition and recoating in the DMLS process are validated by a particle flow model. The model simulates the powder discharge process from a hopper, with same conditions as the experiments conducted by González-Montellano [22] . As shown in Figure 2a , the height of the hopper is 700 mm and its sides are 250 mm. The bottom of the hopper has an opening of 57.5 mm. Total 14,000 particles are inserted into the hopper.
The coefficient of restitution and coefficient of friction used in this validation study are 0.62 and 0.3 respectively. The density of the particles is 2,516 kg/m 3 with a Poisson's ratio of 0.22 [22] .
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8 The first step of this example is to compare the general particle flow pattern as shown in Figure 2b . The figure shows particles flowing through the hopper with the same condition shown in González-Montellano's work [22] . With the correct prediction of particle flow pattern, the time required for all the particles to flow out of the hopper is calculated. The computed time in this validation LIGGGHTS model is 29.4 s, and the experimentally measured time is 29.3 s [22] , with less than 1% difference between the validation and experiment. Therefore, the particle flow model is successfully validated.
It is also noted that, for inter-particle interactions, no cohesion reaction is used in the A C C E P T E D M A N U S C R I P T
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11 was used. The vertical deposition from the top is different from the actual DMLS process in which powder is pushed by a recoater from the side, however, the simplification is needed to make the problem numerically feasible. The top view of the powder bed along with the laser scan path is shown in Figure 4 . The dimension of the simulation box of the powder bed is 1.8 mm (length) × 0.9 mm (width) × 1 mm (height).
The laser scan path defined in the simulation is illustrated using red lines, with arrows showing the laser scan direction. A simulation box with non-periodic and shrinkage wrapped boundary conditions is used
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12 to relate the particle behavior with its surrounding volume. For the initial stage, the gravitational effect on the powder bed is considered for the whole volume and each particle presented in the powder bed. The powder bed is initially deposited with particles at room temperature of 294.16 K. Next, a recoating process is applied to smoothen the powder bed top surface. Although in the actual DMLS process, the powder is deposited at the sides of the building platform and recoated by a recoating blade, an assumption is made to make the problem numerically feasible, where the actual deposition of the powder in DMLS is replaced by a vertical deposition of the particles on top of the powder bed. Then a laser heating is performed on the powder bed followed by a holding process before depositing the second layer.
The laser heating is implemented by defining the temperature of a region in the powder bed corresponding to the laser source size (300 m diameter). The laser intensity distribution is not considered in the model, and a uniform laser power distribution is assumed in this study. Since in the current simulation package, the temperature is defined uniformly within each particle, it is impractical to represent a temperature distribution inside a small heated region containing a few particles. 
where
with V the scan speed in x-coordinate, Q impinging energy absorbed, Q the fraction of impinging energy absorbed, x 0 , y 0 and z 0 the laser beam relative coordinates at x, y and z directions respectively, T o initial temperature, ρ the density, c specific heat, and k the thermal conductivity of the powder. Table 1 summarizes the material properties of 15-5 PH1 stainless steel used in the DMLS simulations. It is assumed that the particles are spherical and incompressible, and density of the particle is constant. The materials properties are temperature-independent.
Furthermore, radiation, viscous heating as well as natural convection are not considered in this study due to their small contributions to heat transfer process [24] [25] [26] . In this work, the effects of laser heating parameters, which includes laser power, scan speed, and hatch spacing, on the temperature distribution in the powder bed are analyzed.
The temperature distributions are visualized, and the average temperature of the powder bed versus time are plotted to understand the behavior of thermal history.
Effect of laser power on temperature in powder bed
In order to understand the effect of laser power on the powder bed temperature, two laser powers, 300 W and 100 W are used in this simulation. For both cases, the speed of the laser is kept constant at 800 mm/s and the hatch spacing is set fixed at 0.1 mm. Figure 6 and Figure 7 show the temperature and heat flux distributions in the powder bed using 300 W and 100 W laser sources, respectively. For temperature distribution (Figure 6a and Figure 7a ), the maximum temperature of the powder bed using 300 W is higher than that in 100 W. However, the relative temperature distributions in the heated region are similar in two cases. The heat flux is calculated using temperature gradient. As shown in Figure   6b and Figure 7b , the heat flux in higher laser power 300 W is much higher than that in 100 W, also inhomogeneous in the 300 W case. Sintering is a thermally activated process, therefore the 300 W laser source is expected to promote the sintering process. using 100 W laser power.
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The average temperatures in the powder bed of 100 W and 300 W are plotted in Figure. 8. The maximum average temperature produced by the 300W laser can reach up to 383 K whereas the 100 W laser only reaches up to 358 K. This is consistent with the
Rosenthal solution in Equation 8
, where the melt pool temperature during the sintering process increases with increasing laser power when the laser scan speed is kept constant. 
Effect of laser scan speed on temperature in powder bed
In this simulation, the effect of laser scan speed on the temperature during the sintering process is studied. Two laser scan speeds, 1000 mm/s and 800 mm/s, are studied based on the specifications of EOSINT M280 machine. In this study, a constant 300 W laser power and constant hatch spacing of 0.1 mm are used. Figure 9 and Figure 10 show the temperature distribution and heat flux of 1000 mm/s and 800 mm/s scan speed, respectively.
Comparing Figures 9a and 10a , at the same moment, fast scan at 1000 mm/s has a larger sintered area than the 800 mm/s. The temperature distributions in the two scan speeds are similar. In terms of heat flux in Figures 9b and 10b , no substantial difference is found.
The differences in heat flux of the two powder bed conditions would only be affected by the laser power used and hatch spacing. In general, increasing laser scan speed will not affect the heat flux in the powder bed, but it reduces the total laser heating time. In order to quantitatively compare the difference between the two scan speeds, the average temperature evolutions in the powder bed are plotted in Figure 11 . As shown in the figure, the 1000 mm/s completes the laser scan process faster than the 800 mm/s case, and proceeds to holding period earlier. The two temperature curves are very close, since the same laser power is applied, or the same amount of energy input at the same time. lower for the 1000 mm/s laser scan speed than the 800 mm/s, as shown in Figure 11 .
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Effect of laser hatch spacing on temperature in powder bed
The effect of the laser hatch spacing on the temperature distribution of the powder bed is also studied. A fixed 300 W laser power and 800 mm/s laser scan speed are used for the two cases while changing the hatch spacing with values of 0.1 mm and 0.2 mm. Figure   12 and Figure 13 show the temperature distributions and heat flux of the powder bed of 0.1 mm and 0.2 mm, respectively. Figure 12 has a smooth temperature gradient, while Figure 13 has a temperature discontinuity between laser scan lines. Therefore, a large hatch spacing may cause non-uniform temperature distribution and microstructure inhomogeneity. would create a greater heat flux distribution on the powder bed despite a fixed laser power is used during the sintering process. In an actual printing process, the difference in temperature distribution will lead to a difference in printed part porosity and pore distribution.
A C C E P T E D
It is noted that the laser intensity distribution is not considered in the current model due to limitation of the software. In actual DMLS processes, the real intensity distribution of the laser may play a role. When studying the effect of hatch spacing, this effect may become important, as this could influence the minimal overlap needed.
Conclusion
In this study, a novel DEM based DMLS process model is developed. The model provides a powerful tool for DMLS process design and optimization. The major conclusions are summarized below.
1. The presented DEM based model is capable to simulate the whole DMLS process, including simplified powder deposition, recoating, laser heating, and holding stages. The powder bed morphology, temperature distribution, and heat flux were calculated.
2. The model is validated through simulation of particle flow and heat conduction in the powder bed, and the simulated results are in good agreement with either experiment in the literature or finite element method.
3. The effect of laser power on the temperature distribution of the powder bed was 28 studied. The average temperature in the powder bed increased with higher laser power.
4. Increasing laser scan speed does not affect the heating rate in the powder bed since the energy input is kept same.
5. Increasing laser hatch spacing will not affect the average temperature in the powder bed. However, a large hatch spacing may cause discontinued temperature distribution and microstructure inhomogeneity.
Although this study presents new insights of the temperature fields in the DMLS process, the model has several limitations, which could be investigated in future studies. For example, the model assumes a uniform laser power source, while actual laser source has a power intensity distribution. Additionally, non-uniform particle size can be considered to take particle size distribution into account. Furthermore, the size of powder bed is small with a relatively few numbers of particles compared to reality. An increased number of particles in the powder bed would be ideal when the corresponding computational power is available. 
A C C E P T E D
